Airborne lidar measurements of the aerosol spatial distribution and optical properties associated with an European pollution outbreak which occured during the Second Aerosol Characterization Experiment (ACE-2) are presented. Size distribution spectra measured over the ocean near Sagres (Portugal ), on-board the Research Vessel Vodyanitsky and on-board the Avion de Recherche Atmosphérique et Télédétection (ARAT) have been used to parameterize the aerosol vertical distribution. This parameterization, which is essential to the analysis of airborne lidar measurements, has been validated via closure experiments on extinction coefficient profiles and aerosol optical depth (AOD). During the studied event, AOD's retrieved from lidar measurements at 0.73 mm range between 0.055 and 0.10. The parameterized aerosol vertical distribution has been used to shift AOD retrievals from 0.73 to 0.55 mm to enable comparison with other remote sensing instruments. At the latter wavelength, AOD's retrieved from lidar measurements range between 0.08 and 0.14. An agreement better than 20% is obtained between AOD's derived from lidar and sunphotometer measurements made at the same time and place over the ocean near the coast. However, large differences are observed with the AOD estimated from Meteosat imagery in the same area. These differences are thought to be caused by large uncertainties associated with the Meteosat sensitivity for small AOD's or by the presence of thin scattered clouds. Lidar-derived particulate extinction profiles and scattering coefficient profiles measured by a nephelometer mounted on the ARAT, in a different part of the plume, were found in good agreement, which could be an indication that absorption by pollution aerosols is small and/or that soot is present in small amounts in the European pollution plume. Lidar measurements have also been used to differentiate the contribution of different aerosol layers to the total AOD. It is shown that the AOD in the marine atmospheric boundary layer (MABL) can contribute as much as 70% of the total AOD in some regions. At 0.73 mm, the AOD in the continental plume was observed to diminish with the distance to the coastline from 0.04 to 0.03.
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Introduction
The lidar signal depends on the particulate backscatter and extinction (scattering plus absorption) coefficients. However, retrieving the extincAn accurate determination of the optical and microphysical properties of anthropogenic and tion coefficient from single-wavelength nadir lidar measurements requires the knowledge of the backnatural aerosols at the global scale is necessary to assess their overall direct and indirect radiative scatter to extinction ratio which depends on the aerosol characteristics (aerosol size distribution forcing (Boucher and Lohman, 1995; Tegen and Lacis, 1996) . This is particularly true in the vertical and composition). The determination of particle optical properties from single wavelength lidar and over the ocean where measurements are sparse.
measurements thus calls for closure experiments.
In this paper, we will present results obtained To this respect, cooperative campaigns have been recently developed to characterize the micro-during ACE-2 with the French airborne lidar LEANDRE 2 (Quaglia et al., 1996) operating at physics and chemical and radiative properties of particles in continental aerosol outbreaks. a wavelength of 0.73 mm. The objectives of this paper are twofold: The first Aerosol Characterization Experiment (ACE-1) was held at the end of 1995 over the $ to develop and validate a method for retrieving Southwest Pacific Ocean in clear marine condiparticulate extinction profiles from lidar meastions (Bates et al., 1998) . Heavily polluted condiurements in polluted coastal areas, tions were analyzed over the western Atlantic $ to characterize, using LEANDRE 2, the Ocean during the Tropospheric Aerosol Radiative changes in the optical properties of a polluted Forcing Observational eXperiment (TARFOX) air mass over the Atlantic Ocean during the campaign (Russell et al., 1999) . The Second continental aerosol outbreak of 6 July 1997 Aerosol Characterization Experiment (ACE-2, (Verver et al., 2000) . Heintzenberg and Russell, 2000) , has been deployed over the eastern Atlantic Ocean, An overview of the synoptic setting and Avion de Recherche Atmosphérique et de Télédétection between southern Portugal and the Canary Islands, to study the radiative effects and control-(ARAT) flight missions on 6 July 1997 is provided in Section 2. In this section, we also present the ling processes of anthropogenic aerosol outbreaks from Europe as they are transported over the evolution of the aerosol spatial distribution, as a function of the distance to the shoreline, as eastern Atlantic Ocean. Emphasis was put on the assessment of the aerosol radiative impact through observed by LEANDRE 2. In Section 3, we introduce the measurements and methodologies used closure experiments involving measurements and modeling (Heintzenberg and Russell, 2000) . In to derive particulate extinction coefficient profiles from lidar data. In Section 4, we report on clear these campaigns, most of the analyses coupling microphysical and optical properties of the aerosol sky column closure experiments using lidarderived and nephelometer particulate extinction particles have been made in the atmospheric surface layer from instrumented ships. Provided that coefficient profiles as well as optical depth (AOD) measurements made by a sunphotometer and by more analyses could be undertaken in the vertical over wide areas, they would improve our under-Meteosat. In Section 5, we discuss the evolution, as a function of the distance to the shoreline, of standing of aerosol and cloud related processes such as sedimentation, dispersion and transport, the lidar-derived AOD in the continental plume, before concluding in Section 6. which are important to establish the Earth's energy budget.
Airborne laser remote sensing instruments have the capability to characterize optical properties of 2. Synoptic setting and experimental set-up on the 6 July 1997 CLEARCOLUMN particle on both the vertical and horizontal (Browell et al., 1996 , Flamant et al., 1998 , theremissions fore being relevant tools for dust and continental plume outbreak survey studies. Lidars also have On 6 July 1997, the presence of a surface high pressure centered west of Brittany resulted in an the potential to make measurements at the global scale from space (Winker et al., 1996) . outbreak of European pollution over the ACE-2
Tellus 52B (2000), 2
sion. The ARAT carried the lidar LEANDRE 2 and was equipped with standard in situ sensors and sensors dedicated to the analysis of aerosol properties (nephelometer, particle and cloud condensation nuclei counters) and radiative fluxes (upward and downward pyranometers and pyrgeometers) (Chalon et al., 1998) . The knowledge of the RH field in the lower troposphere is crucial for lidar data analysis. Three soundings performed on-board the Research Vessel Vodyanitsky (RVV) between 6 July 1997 (1200 UTC) and 7 July 1997 (1200 UTC) have been used to map out the vertical structure of temperature and RH along the ARAT flight track (Figs. 2, 3 , respectively). Even though not flight missions F33 and F34 on 6 July 1997 (solid and dashed lines, respectively). Also shown is the Research performed at the same time and place, the temperVessel Vodyanitsky (RVV) heading from 6 July at 1200 UTC to 7 July at 1200 UTC (open symbols). KNMI back trajectories ending at the location of the ship on 6 and 7 July (at 1200 UTC) are figured by the dot-dashed and long-dashed lines, respectively. experimental area ( Verver et al., 2000) . The Royal Netherlands Meteorological Institute (KNMI) model back trajectories (Scheele et al., 1996) indicate that the flow in Sagres and over the coastal Atlantic ocean (at least within 300 km from the Portuguese coastline) was from the north-northeast in the lower 3 km of the troposphere (Fig. 1) .
Measurements of the optical, thermodynamical and structural properties of the continental plume (RVV). On 6 July at 1200 UTC, the RVV was located west of Sagres and headed south (Fig. 1) . ARAT flight mission 33 consisted of a round trip along the RVV heading (from 0900 to 1100 UTC). ARAT flight mission 34 was designed to document the continental plume in the cross-flow direction (from 1900 to 2200 UTC). From now on, flights 33 and 34 will be referred to as F33 and F34. F33 and F34 tracks are shown in Fig. 1 .
The RVV had balloon lauching capabilities, and carried twin differential mobility particle sizers (DMPS), a nephelometer, an aerodynamic particle sizer (APS) and the NASA Ames Airborne Tracking 6-channel Sunphotometer (AATS-6) among other instruments. A hand-held 5-channel radiometer, SIMBAD, was used to measure both ature and RH structure depicted by the balloon As expected from the flow structure analysis, both soundings and the atmospheric reflectivity the depth of the MABL and the LPEC in the depicted by LEANDRE 2 were very similar as we MABL increase significantly at about 35.75°N. show now. Therefore, we have used these RH [Once they have been stripped from the surface, soundings for our lidar data analysis.
aerosol particles are trapped in the mixed layer The most stricking feature in the temperature by the temperature inversion capping the atmoand RH fields observed along the track of the ship spheric boundary layer, in which case lidar-derived is the sudden thickening of the marine atmospheric atmospheric extinction is generally observed to be boundary layer (MABL) at about 35.75°N and large in the mixed layer and to decrease rapidly the associated heating and moistening in the above as particles are trapped by the capping MABL. The top of the MABL is generally marked inversion (see for example Flamant et al., 1998 by a temperature inversion as well as a large RH and Johnson et al., 2000) .] The MABL depth (as gradient. The MABL can in turn be separated derived from lidar measurements) is on the order into (i) the MABL mixed layer which is generally of 0.01 to 0.02 km near the shoreline. It increases characterized by constant values of potential tem-steadily from 0.02 to 0.2 km between 37 and perature and RH, and (ii) the surface layer 35.75°N, before reaching 0.5 km near 35.5°N. ( between the oceanic surface and the mixed layer)
The evolution of the LPEC during F34 is shown which is characterized by large gradients of poten-in Fig. 5 . The depth of the plume over Sagres (at tial temperature and RH. 37°N) is nearly equal to the one observed during As it is advected over the ocean, the flow above F33 (2 km). The maximum vertical extent of the the MABL experiences subsidence as shown by plume steadily decreases from 2.5 to 1.5 km as the the sloping isothermals (it is also observed from aircraft flies south. It is observed to be rather the KNMI back trajectories). This subsidence inhomogeneous both in the vertical and in the reinforces a second (synoptic) temperature inver-horizontal. We also observe an elevated layer sion at an altitude of 1.5 km (Fig. 2) .
characterized by enhanced extinction between 35.8 The evolution of the lidar-derived particulate and 36.5°N. It is separated from the subsiding extinction coefficient (LPEC) at 0.73 mm obtained European continental plume by a clear layer as from LEANDRE 2 in the lower troposphere evidenced by the smaller extinction coefficient during F33 is shown in Fig. 4 . The vertical extent values. Back trajectories (calculated with TM2Z, of the continental plume is maximum over land Ramonet and Monfray (1996) ) indicate the pres-(Sagres is located on the right, near 37°N) and ence of desert dust at an altitude of about 2.5 km reaches 2 km. The depth of the aerosol plume in that region. decreases over the ocean as a result of subsidence. 3. Lidar-derived particulate extinction necessarly dominated by sulphate (Hegg et al., 1997) . Soot can be a significant contributor to the coefficient fine mode in some regions and can have a significant impact on aerosol optical properties due to For the sake of clarity, we have presented the spatial distribution of the aerosol in the contin-its light-absorbing properties.
Water-soluble, POM and soot particles have ental plume using LPEC profiles in the previous section. The procedure used to derive extinction comparable modal diameters (Boucher and Anderson, 1995; B. Anderson et al., 1996 ; Berner coefficient profile from lidar measurements is now detailed. et al., 1996) . The refractive indices of water-solubles and POM particles are also very similar Particulate extinction coefficients are derived from the lidar signal via an inversion procedure (Sloane, 1984; Holben et al., 1991) , whereas that of soot is quite different (Berner et al., 1996) . (Klett, 1985; Flamant et al., 1998) . This procedure consists in solving the lidar equation for the Submicron massic concentrations of 1.1, 2.8 and 5.2 mg m−3 for soot, POM and sulphate, respectparticle extinction and backscatter coefficients (2 unknowns). It requires the knowledge of the par-ively, were measured on the RVV on 6 July. Therefore, soot ticulate backscatter-to-extinction ratio (BER) profile and a reference value of the extinction only represents 12% of the total submicronic mass at the surface and, as a first approximation, its coefficient. Both of these parameters essential to the lidar inversion can be obtained independently. contribution has been neglected. We shall come back later to this assumption. The total submicron The BER profile can be modeled provided that one is able to identify (i) the diameters and massic concentration (10.1 mg m−3) measured on the RVV was also found in excellent agreement refractive indices (including their dependence on RH) of the different types of particles composing with that measured in Sagres on 6 July (Neusü ß et al., 2000) . the aerosol, (ii) their number concentration and (iii) the evolution of all these parameters with
In the following, we have considered an equivalent type of particle characterized by an equivalent altitude. To do so, we have used in situ aerosol size distribution measurements.
refractive index (equal to that of POM and watersolubles particles) and an equivalent modal diaIn the particular case of LEANDRE 2, the reference scattering coefficient is measured at meter. This mode (or these modes) will further be referred to as pollution aerosol mode(s). 0.55 mm by a nephelometer mounted on the ARAT. At the ARAT flight level, we have assumed the aerosol population essentially consists of water-3.1.1. Measurements. In this study, we have assumed the different modes could be discribed soluble particles (see Subsection 3.1). The absorption generally associated with such particles is by lognormal distributions. The modal diameters, dispersions and number concentrations of pollusmall and we have presumed the extinction coefficient to be equal to the scattering coefficient. tion aerosol and sea-salt particles, at a given level of the atmosphere, are obtained by fitting up to four lognormal distribution to the aerosol size 3.1. Characterization of the aerosol vertical distribution measurements. The associated refractdistribution ive indices are taken from the literature (Table 1) . Above an altitude of 100 m, modal diameters, In the event of a continental plume outbreak, the coastal marine aerosol is a dynamic reservoir dispersions and number concentrations are obtained from a Particle Measuring System (PMS) of particles originating from diverse marine and continental sources. Sea-salt, dust, water-solubles Active Scattering Aerosols Spectrometer Probe (ASASP) mounted on the ARAT which provided (sulphate, nitrate), particulate organic matter (POM) and soot can be important contributors continuous aerosol size distributions for particles with diameters comprised between 0.12 and to the coastal marine aerosol composition. The coastal aerosol number concentration distribution 3.12 mm (Fig. 6 ) near Sagres during the take-off of F33 and F34. Near the oceanic surface, these generally exhibits a coarse mode dominated by aged sea-salt and/or dust and a fine mode popu-parameters are obtained from twin DMPS and APS data converted from 55% RH to 5-10% RH lated by water-solubles, POM and soot, but not Modal diameters, dispersions and number concentrations are derived by fitting up to 4 lognormal distributions to measured aerosol size distributions. All parameters are given for a RH less than 10%. . Aerosol size distribution in the marine atmoon 6 July as measured by the particle measuring system spheric boundary layer (MABL) on 6 July at 0900, 1000 (PMS), active scattering aerosol spectrometer probe 1nd 1100 UTC (dotted, dashed and dot-dashed lines, (ASASP) mounted on the avion de recherche et respectively) as measured on-board the RVV. The solid Télédétection (ARAT) during the ascent of F33. The line correspond to the best fit obtained with the modeled solid lines correspond to the best fit obtained with the size distribution which characteristics are given in modeled size distribution. Table 1. the previous 12 h (Hoppel et al., 1990) . ''Fresh'' Bates et al., 2000) . The resulting composite spectra provided aerosol size distribu-sea-salt particles are generated by both surface tearing and bubble mediated production (Smith tions for particles with diameters ranging from 0.00453 to 3.061 mm (Fig. 7) . DMPS-APS meas-et al., 1989) and result from an ''instantaneous action'' of surface wind speed (SWS). They generurements closest in time to the ASAPS profiles ( between 0900 and 1100 UTC on 6 July) will ally have a much larger diameter than ''aged'' seasalt particles. be used.
In the MABL, the measurements show the Above the MABL, given the sampling range of the ASASP, we only observe the 0.11, 0.22 and existence of four modes (Table 1) . Three pollution aerosol modes are identified at 0.08, 0.11 and 0.8 mm modes. Note that, even though the mode may not be entirely sampled because of instru-0.22 mm. The two first modes together can be considered as the ''Aitken mode''. The third mode mental limitations, number concentrations derived by fitting lognormal distributions to measured corresponds to the ''accumulation mode''. The mode corresponding to aged (stationary) sea-salt aerosol size distributions are not affected by this limitation. However, uncertainties on the number particles is observed at 0.8 mm. ''Aged'' sea-salt particles (as opposed to ''fresh'' sea-salt particles) concentration values so retrieved are likely to be large. The number concentrations profiles result from the action of the average SWS over Tellus 52B (2000) , 2 measured in the 0.11, 0.22 and 0.8 mm modes are average MABL depth and top of the plume, as shown by Fig. 8 .
well as their evolution with the distance from the coastline, are derived from lidar measurements.
Parameterization. To model the BER pro-
The presence of fresh sea-salt particles over the file (see Subsection 3.2), we have parameterized ocean is to be expected even though it is not the number concentration in each mode as a observed on DMPS-APS size distributions. Their function of altitude (Fig. 8) . This parametrization modal diameter and dispersion are taken from is detailed in Section 8 and only briefly discussed von Hoyningen-Huene et al. (1998) (i.e., 2.8 and here. At the wavelength of 0.73 mm, the contribu-1.5 mm, respectively). They are assumed to be tion of the 0.08 mm mode to the total extinction present in the MABL only. To assess their number coefficient in the MABL was calculated to be of concentration near Sagres, we have used AATS-6 the order of (or less than) the molecular contribu-measurements of the AOD made at 0.525 and tion. We have discarded this mode in the para-0.864 mm on 6 July 1997 (from 0800 to 1200 UTC). meterization. DMPS-APS measurements are used We derive an equivalent Angstrom coefficient, d, to characterize the aerosol number concentrations between 0.525 and 0.864 mm which is then used to in the oceanic. Above the, in the MABL, aerosol constrain the number concentration parameteriznumber concentrations are assumed constant and ation in the lower troposphere (Section 9). The derived from ASASP measurements made near fresh sea-salt particle number concentration in the the top of the MABL. Above the MABL, the total MABL is tuned until the parameterized equivalent number concentration in a given mode is separated Angstrom coefficient matches the one derived from in a ''background'' component and a ''plume'' the sunphotometer measurements at ambient RH. component. The ''background'' number concen-For further validation, the parameterized equivatration component is parameterized as exponenti-lent Angstrom coefficient is compared to the ally decreasing with altitude between the top of equivalent Angstrom coefficient derived ( between the MABL and 3 km (the range of altitude over 0.55 and 0.7 mm) from scattering coefficients measwhich the lidar signal is processed) according to urements made by nephelometer ( located on the Jaenicke (1993). The ''plume'' number concentra-RVV) at 55% RH . tion component is parameterized as exponentially Near Sagres, an average value of d =1.31 (at decreasing with altitude between the MABL top ambient RH) is obtained from the AATS-6 measand the top of the plume. Information of the urements closest in time and location to the lidar data. We derive a ''fresh'' sea-salt number concentration of 5.5 particles cm−3 (Table 2) . At 55% RH, the equivalent Angstrom coefficients derived from the aerosol model and from nephelometer measurements are in good agreement (1.61 and 1.48, respectively).
We have also compared the fresh sea-salt particle number concentration value with those derived from the relationship between SWS and the number concentration of particles in the 2-4 mm range proposed by Smith et al. (1989) . When applied to our data (SWS between 6 and 8 m s−1), it yields a number concentration of approximately 1 particles, cm−3, in poor agree- (2000) index), number concentration and height scales report size-segregated hygroscopic growth factors proposed in this study (and summarized in ranging from 1.18 to 1.25 for particle diameters Table 2 ) is one possible solution. It may not be ranging from 0.05 to 3.5 mm. the true solution.
RH soundings from RVV are used to model the fluctuations of the particle diameters and refractive index as a function of height. Mie theory then 3.2. Determination of the particulate backscatterenables calculation of the particulate RHto-extinction ratio profile corrected BER ratio as a function of altitude. Note The particulate BER is defined by that RH soundings and lidar measurements are acquired in the same general area but that they
are not co-located. The so-calculated BER will be representative of the general RH structure encounwith tered over the experimental region (MABL and, continental plume and above the plume). The ∑ i f i(z)=1 Yz, small scale fluctuations of the RH field which modulates the lidar signal on a shot-to-shot basis where ai p and bi p are the particulate extinction and will not be reproduced. backscatter coefficient in mode i, respectively and However, it is essential to be able to account f i represents the fraction of aerosol in mode i.
for RH effects on the BER, especially near the The modal diameters and refractive indices of surface, where the combined effects of high RH the particles composing the aerosol are fed into a values and large number concentration of sea-salt Mie code (for spherical particles) to derive the particles can modify significantly the aerosol extinction and backscatter cross-sections associoptical properties. The BER profile at 0.73 mm ated with each type of particle. The information near Sagres is shown in Fig. 9 for the RH sounding on the number concentration in each mode is then made on 6 July at noon. used to calculate the total particulate backscatter Information on the MABL and plume depths and extinction coefficients and in turn the BER.
is also crucial to model the BER profile. As The marine aerosol is hygroscopic. Sea-salt and previously discussed, these two parameters change water-solubles particles diameters increase and with the distance to the shoreline (Fig. 2) and the their refractive indices decrease with increasing RH (see for example Flamant et al., 1998) . Their BER profile modeled near Sagres should not be Sagres is taken as the reference. As shown in Fig. 10 , the use of an inappropriate aerosol model can be an important source of error in the lidar data analysis.
To process the lidar data from F33, we have interpolated the BER profiles obtained at each end of the leg, on a 250 km by 3 km domain (Fig. 2) with a grid size of 0.4 km by 0.015 km (equal to the lidar data horizontal and verical resolution used in this study). Therefore, a BER profile is associated to each lidar signal profile. (Table 2) . RH soundings performed at noon on 6 July 0.55 mm made by an integrating nephelometer and 7 July are used for the ''near Sagres'' and ''away mounted on the ARAT. The geometry of the from Sagres'', respectively. instrument implies that scattering coefficients are measured (Heintzenberg and Charlson, 1996) . The sampled air used in this instrument was heated to used to derive the LPEC profiles away from the coast. Since there were no size distribution meas-maintain an RH below 60%. Here, the sampling error on the measured scattering coefficient is urements available to model the BER profile directly at the other end of the leg (near 35°N), estimated to be of the order of 10% in the as particles mean diameters are smaller than 0.3 mm we have assumed the BER in the plume did not change with latitude in order to constrain the .
Nephelometer measurements
The scattering coefficient measured at 3 km aerosol vertical distribution. The height scales driving the number concentration decrease with during the ARAT ascent is used as a reference for the inversion procedure. Since lidar measurements altitude (Table 2) are determined iteratively by comparing LPEC profiles to modeled particulate are made at a wavelength of 0.73 mm, the nephelometer-derived scattering coefficient is shifted from extinction coefficient (MPEC) profiles (i.e., calculated using the parameterized number concentra-0.55 to 0.73 mm using the Angstrom coefficient tion profiles).
The fresh sea-salt particle number concentration in the MABL is tuned until the parameterized equivalent Angstrom coefficient matches the one derived from the nephelometer measurements at 55% RH (d =1.0, away from Sagres). We derive a value of 1 particles cm−3 (Table 2 ) which is in good agreement with that derived from the relationship proposed by Smith et al. (1989) .
The resulting BER near the end of the F33 flight track, at about 35N, is also shown in Fig. 9 (dashed line). The RH sounding made on 7 July at noon has been used to calculate this profile.
To illustrate the sensitivity of LPEC profiles to the aerosol model, we have processed the lidar data acquired near Sagres with the two BER Fig. 10 . Error in the extinction coefficient retrieved at profiles shown on Fig. 9 . The LPEC profile pro-0.73 mm from lidar data processed with the BER profiles shown in Fig. 9. cessed with the parameterization derived near Tellus 52B (2000), 2 profile calculated from the aerosol distribution uncertainty in the 0.8 mm mode. However, it remains smaller than 5% in the plume and in the profiles discussed in Subsection 3.1. These Angstrom coefficient profiles near Sagres and free troposphere. At the top of the MABL it was found to be on the order of 10%, and smaller 250 km from Sagres are shown in Fig. 11. below.
Since the reference-related and BER-related 3.4. Errors on the L PEC profile errors are independent, they can be summed quadratically. Therefore, errors on the LPEC values The error in the LPEC profile is mainly caused by the uncertainty in the value of the reference throughout the lower troposphere are mainly due to the error on the reference extinction coefficient. extinction coefficient and in the BER profile. The latter depends on the aerosol vertical distribution parameterization. Errors related to signal detection are discarded because the signal-to-noise-4. Closure analyses ratio is greater than 20 in our case.
The first source of error stems from the accuracy The scope of this section is to test the aerosol of the reference backscatter coefficient value used vertical distribution derived from in situ measurein the inversion procedure. In a forward inversion ments by use of closure analyses on the extinction scheme, the sensitivity to errors in the reference coefficient profiles and optical depth retrievals. value is increasing away from the reference altitude (Klett, 1985) . Given an estimated accuracy of 10% in the extinction coefficient measured at the refer-4.1. Extinction coeYcient closure ence altitude, the relative error in the extinction increases to about 20% near the surface, for the A first closure is obtained by comparing MPEC profiles to LPEC profiles and nephelometer particrange of AOD encountered on 6 July.
The uncertainty in the BER introduces an error ulate extinction coefficient (NPEC) measurements made during F33 and F34. LPEC profiles are in the extinction coefficient that will propagate away from the source as it affects the transmission shifted from their original wavelength to 0.55 mm using the Angstrom coefficient profiles shown in calculation (Klett, 1985) . We assumed an arbitrary ±20% uncertainty on the fraction f i of aerosol Fig. 11 . The Angstrom coefficient profiles are calculated using the parameterized aerosol vertical in mode i (see eq. (1)) for each mode to assess the sensitivity of the LPEC profiles. The BER profile distributions (Table 2 ) and the RH soundings (as for the BER profiles in Fig. 9 ). derived from the parameterization summarized in Table 1 (near Sagres) is taken as the reference. The
In Fig. 12 , we show the LPEC, NPEC and MPEC profiles measured near Sagres. The agreelargest error on the LPEC is related to the ±20% ment between the LPEC and MPEC profiles is better than 25% between 0.5 and 3 km. The difference between the profiles is related to the fact that the parameterization only reproduces the general features of the aerosol distribution as a function of height. The agreement between the LPEC and NPEC profiles is better than 25% between 0.5 and 2 km. Above 2 km, NPEC measurements are too noisy. The fact that nephelometer measurements are representative of dry particles extinction is not the source of this discrepancy because, above the MABL, the atmosphere is relatively dry (RH of 40% or less). Rather, the NPEC and LPEC profiles were not sampling the same part of the plume. Near the end of the flight track, an agreement better than 10% between the LPEC and MPEC profiles is obtained (Fig. 13 ).
In sun-viewing mode, SIMBAD also measured direct solar beam transmission, but at 0.443, 0.490, 0.560, 0.670, and 0.870 mm. Aerosol optical depth was deduced from total optical depth by subtracting molecular and ozone optical depths. Total column ozone from 1978-1982 Total Ozone mapping Sounder data was used to perform the ozone correction, significant at 0.560 and 0.670 mm.
An image of the continental plume acquired on 6 July at 1200 UTC from the visible channel (400-1100 nm) of Meteosat-4 has been used to estimate the AOD along the ARAT flight track during F33 (Fig. 14) . The pixel resolution is about 30×21 km2. Numeric counts (in the range 0-255) into radiance, relying on the sensor calibration represents nephelometer measurements of dry particle extinction acquired shortly after take-off during F33 and performed by Moulin et al. (1996) . The optical F34, respectively. The lidar-derived particulate extinction depth at 0.55 mm was retrieved over the north- under clear-sky conditions and over sea surface because the high reflectivity in the solar spectrum of clouds and land masked the aerosol contribution to the satellite signal. It is assumed that the only variable parameter in the Earth-atmosphere system over sea surface is the aerosol concentration, i.e., the aerosol optical depth (Dulac et al., 1992) . The Meteosat signal results from the vertical integration of the sunlight scattered by sea surface, gas molecules and aerosols including the stratospheric contribution. In this study, stratospheric aerosols were assumed not to be present. 
Optical depth closure using sunphotometer and Meteosat measurements
We now compare the evolution of the AOD derived from lidar measurements with those measured by AATS-6, SIMBAD, and Meteosat radiometer on 6 July.
AATS-6 took measurements of the direct solar beam transmission from the RVV (Livingston The algorithm for AOD monitoring over the and NNW, respectively), the air mass sampled by the lidar has been advected West of the F33 track Atlantic considers two models for the different aerosol components: water-solubles sulphate-like by approximately 100 km in a 3 h time frame which corresponds to about 4 Meteosat pixels.) particles and desert dust. For the range of angles accessible to Meteosat in the Atlantic Ocean The AOD was observed to be homogeneous over that area and equal to 0.15 on average. region, the desert dust and sea-salt particle optical behaviour are very similar (Paronis et al., 1998) .
The higher Meteosat values cannot be explained by an underestimation of the surface reflectance Furthermore, the AOD retrievals were found to be rather insensitive to the aerosol model consid-in the inversion scheme. First, the diffuse marine reflectance obtained from SIMBAD data was ered (those discussed by Paronis et al. (1998) and the one described in the present paper). The error small, between 0.0038 and 0.0052 at 0.56 mm and less than 0.001 at 0.67 mm. Second, the Meteosat associated with the AOD retrievals is of the order of 25% as estimated by Moulin et al. (1997b) in geometry minimized sunglint effects. Third, wind speed was small except in the morning, with values the presence of desert dust.
In Fig. 14 , we compare the AOD retrieved at between 2 and 7 m s−1; no whitecaps were present on the sea surface at the time of the Meteosat 0.55 mm from LEANDRE 2, AATS-6, SIMBAD and Meteosat ( between 0900 and 1000 UTC, observation.
The difference between lidar/sunphotometer between 0820 and 1200 UTC, between 1030 and 1300 UTC and at 1200 UTC, respectively). Good and Meteosat AOD values is thought to be caused by large uncertainties associated with the agreement is found in terms of evolution as a function of latitude. LEANDRE 2 and AATS-6 Meteosat sensitivity for small AOD's. The error associated with AOD's smaller than 0.2 is on the data are shifted from their original wavelength to 0.55 mm using the equivalent Angstrom coefficient order of ±0.05. It could also result from the presence of thin scattered clouds filling the d between 0.525 and 0.864 mm derived from AATS-6 measurements (d =1.31). SIMBAD data Meteosat pixels. are interpolated to 0.55 mm from the AOD's at 0.49 and 0.56 mm using a log-log scale.
We find the AATS-6 derived AOD at 0.55 mm 5. Spatial characterisation of the aerosol optical depth in the continental plume as to be equal to 0.102±10% which, given the instrumental precision, is in acceptable agreement observed by LEANDRE 2 with the value of 0.083±20% derived from lidar measurements. The SIMBAD-derived AOD, During F33, as the ARAT was flying away from the coast, lidar measurements indicate an increase 0.079±12%, is in better agreement with the lidar value.
of AOD as shown by Fig. 14. However, we have shown that, between 35 and 36°N, the MABL Between 35.75 and 37°N, values of the AOD derived from Meteosat along the F33 ARAT track depth and RH changed abruptly (i.e., the MABL deepens and RH increases). As a result, the MABL are about 40% larger than those derived from the other instruments. Near the end of the track, the AOD contribution to the total AOD increases drastically. agreement between lidar and Meteosat AOD is within 15%. Note that the best agreement
In Fig. 15 , we have plotted the AOD between 0.5 and 3 km. This part of the AOD can be is obtained in the region where the contribution of the AOD in the plume to the total AOD is considered the contribution of the continental plume only, as the height of the MABL stays smallest. Closer to Sagres, the large difference between lidar/sunphotometer and Meteosat AOD below 0.5 km (see Fig. 4 ). This AOD of the plume decreases from 0.04 near Sagres (37°N) to 0.03 is not caused by an evolution of the aerosol content in the plume between 0900 and 1200 UTC over the ocean, while the total AOD increased from 0.055 to 0.10. Hence, the MABL contribution as evidenced by AATS-6 measurements. To provide further evidence of this, we have investigated to the total AOD varies from a value of 10% near Sagres to 70% at a distance of 250 km from the AOD in 4 rows of Meteosat pixels West of and parallel the F33 track. (Given the average Sagres. This emphasizes the need for information on the aerosol vertical distribution when wind speed and direction in the plume (8 m s−1 the fresh sea-salt particles number concentration (not measured otherwise) was obtained by use of AATS-6 AOD measurements. This parameterization, which is essential to the analysis of airborne lidar measurements, has been validated via closure experiments on extinction coefficient profiles and AOD.
During the studied event, AOD's retrieved from lidar measurements at 0.73 mm range between 0.055 and 0.10. The parameterized aerosol vertical distribution has been used to shift AOD retrievals from 0.73 to 0.55 mm to enable comparison with other remote sensing instruments. At the latter Fig. 15 . Evolution of the AOD measured between 0.5 wavelength, AOD's retrieved from lidar measureand 3 km as derived from lidar measurements made at ments range between 0.08 and 0.14. An agreement 0.73 mm for F33 (crosses).
better than 20% is obtained between AOD derived from lidar and sunphotometer measurements made at the same time and place over the ocean attempting to identify the optical properties of anthropogenic and natural aerosol at the regional near the coast. However, large differences are observed with the AOD estimated from Meteosat and global scale. Otherwise, large errors may occur when assessing the direct radiative forcing imagery in the same area which are caused by sensitivity uncertainties. Another reason for this associated with continental aerosols.
On average, between 35 and 35.5°N, the total discrepancy could be the presence of thin scattered clouds filling the Meteosat pixels. AOD in the MABL breaks down as follow: 36% is due to fresh sea-salt particles, 35% to aged seaDuring TARFOX, Novakov et al. (1997) have shown that the soot mass fraction was negligible salt particles and 29% to pollution aerosol. Only 15% of the pollution aerosol contribution to the near the surface but increased significantly with height. The fact that, during the 6 July pollution AOD is due to hygroscopic growth for an ambient RH increasing from 50 to 80% (i.e., the change in outbreak, the lidar-derived particulate extinction coefficient and nephelometer particulate extinction RH from the region located between between 37 and 35.5°N and that located between 35 and coefficient profiles are in good agreement could be an indication that absorption by pollution 35.5°N).
aerosols is small and/or that soot is present in small amounts in the European pollution plume. Lidar measurements have also been used to 6. Conclusion differentiate the contribution of different aerosol layer to the total AOD. It is shown that the AOD Airborne lidar measurements of aerosol spatial distribution and extinction over the Atlantic in the marine atmospheric boundary layer (MABL) can contribute as much as 70% of the Ocean during the 6 July 1997 European pollution outbreak of ACE-2 have been presented. total AOD in some regions. At 0.73 mm, the AOD in the continental plume was observed to diminish Above the continent, the continental plume top was observed to reach an altitude of 2 km. As the with the distance to the coastline from 0.04 to 0.03.
The characterization of aerosol vertical distribuplume advected over the ocean, subsidence lead to a drastic reduction of its depth. At a distance tion thus appears to be an important step for the analysis of aerosol optical properties at the of 150 km from Sagres, an internal boundary layer was observed to develop up to an altitude of regional and global scales. Lidars can provide accurate and spatially highly-resolved information 0.5 km.
Size distribution spectra measured over the on the layered aerosol structures in the atmosphere. The need for an accurate determination of ocean on-board the RVV and on-board the ARAT have been used to parameterize the aerosol vertical the optical properties of anthropogenic and natural aerosols at the global scale, necessary to distribution in the experimental area. Closure on assess their overall direct and indirect radiative the measurements. The component is given by forcing, should benefit from such measurements. 
Appendix B
In the parameterization, 4 distinct layers are considered: the MABL, the MABL, the continental T he equivalent Angstrom coeYcient plume and the free troposphere. For a given mode, the total number concentration in the lower tropo-
The Angstrom coefficient d is defined as: sphere ( between 0 and 3 km, the range of altitude over which the lidar signal is processed) is separ-
ated into ''surface layer'', ''mixed layer'', ''plume'' and ''background'' components. The component where a i is the total particulate extinction at is written as wavelength l i . The equivalent Angstrom coefficient d (as derived from AATS-6) is given by N sfl (z) of the equivalent Angstrom coefficient derived (B8) from the parameterization matches the one derived from AATS-6 measurements. Profiles of d and a are derived from our para-
